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ABSTRACT
The theory, experimentation, and implementation of a green monopropellant propulsion system for small satellites is
described, including the environmental testing and integration of the system onto a CubeSat slated to launch in early
2022. HyPer, named after its propellant hydrogen peroxide, was specifically designed with the smaller size, lower
power availability, and challenging launch conditions of CubeSats in mind. Instead of using a traditional
monopropellant management system – pressurized reactive liquid forced to a catalyst bed – HyPer uses the vacuum
of space to boil the stored liquid hydrogen peroxide, delivering a highly-tunable flow of reactive vapor to the catalyst.
This lower flow rate enables HyPer to target the millinewton range of thrust without many of the hydrodynamic
complications (e.g., droplet and bubble formation, and thermocapillary flows) that prevent full decomposition in lowthrust liquid systems. This thrust range allows for a wide variety of mission-enabling maneuvers for low mass systems,
including (1) constellation management, (2) formation flying, (3) rendezvous, (4) extended mission durations, and (5)
orbit reconfiguration. Due to the reaction at the catalyst bed, HyPer still retains the performance associated with a
monopropellant system, which allows for a smaller total propulsion package.
The HyPer flight unit is exhaustively detailed from design decisions to performance metrics. There are several unique
design elements due to the novelty of the concept. These include a propellant management device that controls the
flow of vapor for propulsive activities and also allows for oxygen venting during long storage intervals, commercialoff-the-shelf components adapted for the harsh hydrogen peroxide environment, and a nozzle assembly designed to
retain as much heat as possible in the catalyst bed. Performance was characterized by direct measurements of pressure,
temperature, and mass flow rate in a vacuum environment. Launch survivability and on-orbit operability were verified
with vibration, thermal cycle, leak rate, and life testing. On-board flight software and ground commanding were tested
prior to integration to ensure appropriate timing and activation of safety features in case of an anomaly. HyPer’s
checkout testing at different levels of satellite integration and propellant loading plan are also outlined.
INTRODUCTION

Once on orbit, the satellite operates continuously for
decades. However, in recent years this model has been
threatened by two major changes: (1) the development of
weapons that can destroy on-orbit satellites, and (2)
universities and small companies entering the space
industry. Both of these changes have pushed the industry
towards greater numbers of smaller, more affordable but
less capable satellites.

Government and commercial satellites, such as
Geostationary Positioning System satellites (GPS, mass
≈ 1,600 kg, volume ≈ 10.3 m3), have propulsion systems
to allow for them to point instruments, re-position once
on orbit, and/or maintain their position within a
constellation. Without this capability, satellites in low
earth orbit would lose altitude and re-enter the Earth’s
atmosphere due to drag. Typically, a satellite’s usable
life is considered over once it has exhausted its
propellant and no longer has the ability to adjust its orbit.

High launch costs are, in part, due to the non-standard
and complex structures necessary for large satellite
integration into the launch vehicle. This led to the
invention of the CubeSat standard, which allowed for the
integration and launch of multiple unique small satellites
and payloads within one vehicle [2]. The CubeSat form
factor (mass ≈ 4 kg, volume ≈ 0.003 m 3) has effectively
lowered the barrier of entry to space and dramatically
changed how satellites are built and launched.

These highly capable satellites come with a high cost,
e.g., GPS III, the first of which launched in 2018, is
estimated to cost $577 million each [1]. This matches
with the traditional way satellites have been built over
the last several decades: develop a highly reliable,
expensive satellite with as much new technology as
possible and load that satellite on a dedicated, highly
reliable, expensive launch vehicle (cost ≈ $100 million).
Rhodes
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Small Satellite Propulsion

Monopropellant systems, such as the one developed by
Ecological Advanced Propulsion Systems (ECAPS),
utilize the chemical energy stored in a propellant to
create thrust [4]. Typical monopropellant thrusters
pump-feed or pressure-feed liquid propellant to a
catalyst chamber where the liquid reacts with the catalyst
creating a high pressure, high temperature gas. This gas
is then expanded through a nozzle to generate thrust.
Monopropellant systems offer a wide range of thrust
levels, anywhere from a few millinewtons to hundreds of
newtons, with Isp values from 150 to 300 s. This
versatility, matched with flight heritage, low power
requirements, and off-the-shelf components, are
attractive qualities for small satellite manufacturers.

As the small satellite industry matures, customers are
looking to expand their capabilities beyond academic
learning experiences or technology demonstrations. As
was done for their larger predecessors, propulsion
systems need to be integrated into these platforms to
enable a broader range of missions. These capabilities
include: (1) constellation management, (2) formation
flying, (3) rendezvous, (4) extended mission durations,
and (5) orbit reconfiguration. Small satellite propulsion
presents a unique set of challenges. Due to volume
constraints and shared launch conditions, trade-offs
between subsystem performance, footprint, and power
must be made. Additional complexities include
subsystem reliability and propellant hazards. Due to
these unique and challenging requirements, a limited
number of propulsion systems have succeeded in
transitioning from development to flight test. A detailed
survey of the current state of the art in small satellite
propulsion can be found in Miller et al. [3] and Lemmer
[4].

Green Monopropellants
Hydrazine (N2H4) is the most commonly used
monopropellant on larger satellites, e.g., GPS satellites,
Wideband Global Satcom satellites, Advanced
Extremely High Frequency satellites, etc. However due
to its toxic nature and the requirement for extensive
safety precautions during loading and operation, it has
not been readily adopted for small satellite applications.
Environmentally friendly “green” propellants, such as
hydroxylammonium nitrate (HAN), ammonium
dinitramide (ADN), and hydrogen peroxide (H2O2) show
promise due to their low toxicity, low volatility, and low
vapor pressure. The inclusion of a small satellite as a
secondary payload on a launch vehicle often includes a
“do no harm” clause, a methodology that ensures that
multiple passengers on a launch do not cause adverse
effect to each other. This clause can force strict rules in
terms of pressure vessels, toxicity, and stored energy.

Compared to all other propulsion options, cold gas
systems have the most flight heritage in small satellites,
most likely due to the simple design and ease of
integration. A typical cold gas system uses pressurized
inert gas, which is released through a nozzle to generate
thrust. In general these systems fall in the 1-100 mN
range with specific impulse (Isp) values from 30-75 s [4].
In an electromagnetic system, such as the ones
developed by Busek and George Washington University
(GWU), acceleration is achieved by the interaction of
electric and magnetic fields in a plasma [4, 5]. Examples
of these systems include pulsed plasma thrusters,
vacuum arc thrusters, and magnetic nozzle thrusters.
Electromagnetic systems provide very low thrust,
micronewton range, with Isp values from 500 to 3000 s.
Power requirements in these types of systems vary with
thrust level and performance, anywhere from 2 to 50 W.
Electromagnetic systems have proven to be very popular
among small satellite propulsion manufacturers due to
the flexible power constraints, solid propellant, and
proven larger-scale operation. While electric propulsion
technologies, like electromagnetic systems, offer great
promise, the high cost of manufacturing these systems
along with the need for advancements in power
processing unit (PPU) technologies, electric power
generation and storage, and thermal management
currently limit the development and implementation of
these propulsion systems on small satellites.
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Sackheim et al. [6] describes several green propulsion
systems in his work including two targeting small
satellite manufacturers: the Aerojet 1 N AF-M315E
(HAN-based) and the ECAPS LMP-103S (ADN-based).
Platt [7] and Pasini et al. [8] have developed multiple
liquid H2O2 systems operating in the 5 mN - 10 N thrust
range. While H2O2 has the lowest specific impulse of the
green propellants discussed here (see
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Table 1), its unique reactive vapor phase proves useful
for low thrust propulsion.

Rhodes

3

[35th] Annual
Small Satellite Conference

Table 1: Monopropellant Specific Impulse
Comparison
Propellant
Hydrazine (100%)
AF-M315E (HAN based)
LMP-103S (ADN based)
H2O2 (98%)

Table 2. A class 1 material is considered the most
compatible and therefore the most desirable for storage
and system design. A class 4 material will cause
excessive decomposition, material deterioration, or form
impact sensitive mixtures. Catalysts used in propulsion
system design fall in the class 4 category [10]. Hydrogen
peroxide resembles water in several ways [11]; it is a
clear, colorless liquid with only a slightly higher
viscosity. It also remains in its liquid state from -11 °C
to 140 °C at 1 atm (for 90% by mass H 2O2). However,
unlike water, H2O2 contracts when frozen solid.
Additional properties are provided in Table 3.

Specific Impulse (s)
245 [6]
250 [6]
250 [6]
185 [9]

Reference: [10]
Hydrogen Peroxide
Hydrogen peroxide is typically known for its household
and medical uses, but at higher concentrations it can be
used as a rocket propellant. In the presence of a catalyst,
H2O2 will decompose exothermically into water (H2O)
and oxygen (O2):
𝐻2 𝑂2 → 𝐻2 𝑂 +

1
𝑂
2 2

(1)

The temperature of these product gases depends on the
initial H2O2 liquid concentration. At concentrations
above 67% by mass, the heat generated will evaporate all
the water produced in the reaction. At a concentration of
98% by mass the adiabatic reaction temperature is
approximately 950 °C, leading to the specific impulse
provided in Error! Reference source not found..
When selecting materials to use in H2O2 systems, it is
extremely important to consider the effect the material
may have on the propellant. Utilizing an incompatible
material could initiate rapid undesirable decomposition
and potentially fire or overpressurization. One common
method to rank H2O2 material compatibility is presented
in
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Table 2: H2O2 Material Compatibility
Classification
Class
1

2

3

4

Definition
Materials
satisfactory for
unrestricted use
Materials
satisfactory for
repeated shorttime-use
Materials
should be used
only for shorttime contact
Materials not
recommended
for use

Decomposition of H2O2 results in oxygen production as
shown in Error! Reference source not found.. The
introduction of a contaminant could result in an
extremely rapid overpressurization and pressure vessel
failure. Venting and/or active pressure management as
well as contamination prevention is necessary.

Typical Materials
Aluminum (Al), Al 1100,
Polytetrafluoroethylene
(PTFE), Mylar®, Pyrex®
Al 6061, Stainless steel
(SS) 316, Silicon, Kel-F®,
Polyvinylchloride (PVC),
LEXAN™, Fluorolube

Hydrogen peroxide contact with skin will cause stinging
and capillary embolism, i.e., a whitening of the skin,
which will typically disappear after a few hours. The skin
should be thoroughly rinsed with water to reduce the
irritation. Prolonged contact may produce blisters and
burns. Gloves, safety glasses, and protective clothing are
recommended when handling high concentration H 2O2.

SS 17-7, PTFE cloth,
Polyurethane, Fluorel®
Copper,
Gold,
Iron,
Nickel, Platinum, Silver,
Titanium, Silicone oil

A Hydrogen Peroxide Vapor Propulsion System
In the flight system to be detailed, a schematic of which
is shown in Figure 1, reactive H2O2 vapor is vacuumevaporated from the surface of the stored liquid. The
vapor flows to a catalyst bed where a chemical reaction
occurs producing hot product gases; those gases are then
used to generate thrust. This type of propellant feed
system represents the mirror image of a traditional
monopropellant, which pressure-feeds liquid propellant
to the catalyst. The design provides millinewtons of
thrust with low tank pressure (< 2 psia), no additional
pressurant gas system, and minimal power requirements.
All the liquid propellant is used in a vapor system (i.e.,
none stays trapped in the system) and the specific
impulse has the potential to improve over the life of the
thruster due to vacuum distillation. An additional benefit
of a vapor system is the lack of hydrodynamic
complications (e.g., droplet and bubble formation,
thermocapillary flows) that prevent full decomposition
in low thrust liquid systems [13].

Reference: [11]
Table 3: H2O2 Properties (90% by Mass)
Molecular Weight
Specific Gravity
Vapor Pressure
Heat of Vaporization
Heat Capacity
Surface Tension
Refractive Index

32.4
1.39 at 20°C
5 Torr at 30°C
1372 J/g
2.43 J/g/°C for 0-18.5 °C
0.07553 N/m
1.398 at 20 °C

References: [12], [13]
Safety Precautions
High concentration H2O2 is a strong oxidizer and can
behave volatilely in certain situations. In order to avoid
dangerous scenarios, the following four rules are
recommended for storage and handling:
•
•
•
•

Never contaminate
Never confine
Never contact
Always have water available

Decomposition results from H2O2 exposure to any of the
following: (1) incompatible materials, (2) heat, and (3)
energy. The decomposition rate of H2O2 increases with
temperature by 2.3 times per 10 °C rise [12]. Therefore,
H2O2 stored at 20 °C will decompose approximately 1%
per year. Tests have shown that H2O2 contact with clean
textiles and wood will not cause a fire. However, if these
materials have any catalytic contaminates, such as rust
or dust, spontaneous ignition can occur and can cause
serious burns. Water should be used as a protective
medium and large quantities should be readily available
when working with H2O2 [11].
Rhodes

Figure 1: Schematic of Vapor-Fed H2O2 Propulsion
System
Reference: [10]
However, working with a vacuum-evaporated vapor
does impose some strict requirements on the stored
liquid monopropellant. These include:
•
•
5
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•
•
•

Low vapor pressure
Low health hazard
Low volatility in storage

The first two requirements are necessary for the
described system to function. The propellant must
produce a usable vapor and must have liquid to enable
vacuum boiling. The last three requirements allow for
easier implementation by the small satellite community
and less difficulty in research and development.
Many monopropellants were eliminated based on these
considerations. The most widely used monopropellant,
hydrazine, is considered a possible human carcinogenic
by the EPA, requires the use of a Self-Contained
Atmospheric Protection Ensemble, SCAPE, suit for
humans to handle, and is highly flammable. Salt-based
propellants, such as HAN and ADN, were eliminated
since they would not have a reactive vapor phase.
Nitrous oxide and ethylene oxide both were not
considered due to their low boiling point; they are gases
at room temperature.

Figure 2: HyPer Flight Unit with Vibration Stand
Fixture
In regard to safety, HyPer is single fault tolerant, with
redundant seals at every interface and dual valves both
for propellant flow and overpressurization protection. A
guard was placed around the nozzle to protect against
potential foreign object debris (FOD) – a possibility due
to the unique ceramic flow tube upstream of the catalyst
chamber. A copper box was placed around the
overpressurization valves as a tertiary guard to ensure no
liquid propellant could escape the system. Details of the
safety features will be presented in later sections.

Hydrogen peroxide (H2O2), isopropyl nitrate
(C3H7NO3), and nitromethane (CH3NO2) meet the listed
requirements; due to flight heritage and extensive
documentation on propellant behavior, H2O2 was chosen
for this development and flight effort.

Tank and Manifold

Several papers have been previously published on the
development of the hydrogen peroxide vapor propulsion
system covering (1) the theoretical performance and first
prototype unit [14], (2) the reaction kinetics and H2O2
vapor absorption properties [14, 15], and (3) iterative
prototype design updates and thrust measurements [16,
17]. This paper will focus on the design, test, and
integration of the flight unit (referred to as HyPer) onto
the Aerospace Corporation Slingshot CubeSat, slated to
launch in early 2022.

As with previous iterations of HyPer, all electrical
components are commercial-off-the-shelf (COTS) and
machined materials were purchasable in small lots. The
tank/manifold assembly is Al 1100, a class 1 material as
laid out in Error! Reference source not found.. The
two propellant vapor flow valves in the manifold are 12
VDC, 2 W aluminum GEMS solenoid valves with
Viton® seals. The orifice is 0.031 inches; the maximum
allowable pressure drop is 100 psi. TE connectivity
pressure sensors were mounted in the flow path upstream
of the valves to measure tank vapor pressure. Both
sensors are differential and feature a SS 316L diaphragm
and Viton® o-ring seals. One sensor is intended for
ambient conditions with a range of 0-100 psi and the
other was intended for higher precision at operating
conditions with a range of 0-5 psi. The error band for
these sensors is ±3% full span. Temperature limits for
both the pressure sensors and valves are provided in
Table 4. A cross section of the propellant vapor flow
manifold is shown in Figure 3, where the vapor flow path
is indicated with green and red lines. The green
represents the path upstream of the first valve, with the
red indicating the path downstream of the valves that is
only in contact with the propellant during operation.

DESIGN AND CONSTRUCTION
HyPer was designed to marry performance, safety,
manufacturability, and cost, specifically with small
satellites in mind. The flight unit for the Slingshot
vehicle is shown in Error! Reference source not
found.. For its first flight, HyPer will be treated as a
payload – a technology demonstration with no satelliteset delta-v requirements. This treatment allows for focus
on the demonstration of vacuum-evaporated propulsion,
priority to be given to safety on the pad and on-orbit over
performance, and the option to forego optimization if
unnecessary for CubeSat requirements.
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Figure 3: Manifold Cutaway

Figure 5: VRV Flow Path Cutaway

The tank features a unique propellant management
device (PMD) to ensure only H2O2 vapor travels into the
manifold. While the system can handle liquid flow, the
performance is substantially degraded and behavior
becomes more unpredictable. Figure 4 shows the PMD
within the rectangular tank. The wide Teflon® central
cylinder sits in the geometric center of the tank and
features 152 holes of a 0.01 inch diameter. When the tank
is filled to a 50% capacity (20 mL for the HyPer flight
unit), half of the holes are always exposed to vapor, even
under the influence of gravity in any vehicle orientation.
In microgravity, more holes are exposed as the liquid
preferentially seeks the side wall and corners of the tank.
Due to cohesion and hydrophobicity, only vapor can pass
through the PMD and into the central flow shaft. This
was verified in development testing.

HyPer will be loaded with hydrogen peroxide propellant
at the launch site and no state of health information or
operator control will be available until on-orbit checkout.
Due to continuous low-rate decomposition of H2O2 into
oxygen and water, depending on the ground wait time,
oxygen pressure could build up in the tank. While
structurally the system is rated for much higher pressures
(to be detailed in the Analysis section), the additional
pressure does not contribute to performance and high
pressure is detrimental to valve operability and on-thepad safety. Therefore, the mechanical valves in the
overpressurization manifold allow for safe, automatic
venting if needed.
The HyPer circuit board was mounted directly on the
tank with Delrin® spacers hovering over the
overpressurization manifold. A Tramonto Circuits
heater was placed opposite the circuit board on the vapor
propellant flow manifold side of the tank. The heater was
designed to provide 13 to 18 W of heat depending on the
input voltage. The heater will be powered in flight from
the satellite bus battery at 10.2 to 12.2 V.
Tank temperature is monitored on the tank with a TI
model TMP275 sensor, which is capable of reading
temperatures in the range of -40 °C to 125 °C with an
accuracy of ±0.5 °C and a resolution of 12 bits.
Temperature is also measured with the same sensor on
the electronics board.

Figure 4: Propellant Management Device
The top shaft in Figure 4 lead to the propellant vapor
flow manifold shown in Figure 3. The bottom shaft leads
to the overpressurization manifold. A cutaway of that
manifold is shown in Figure 5 and features 2 parallel
Generant vent relief valves (VRVs) set to a crack
pressure of 75 psi. The 316 SS valves with Viton™ seals
feature zero leakage to 95-98% of set pressure and reseal
at 92%. This was verified in test. The valves are encased
in a perforated copper box.
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Table 4: Component Operating Temperatures
Component
Solenoid Valves
Pressure Sensors
Vent Relief Valves
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Operating
Temperatures (°C)
-40 °C to 100 °C
-20 °C to 85 °C
-20 °C to 205 °C
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Nozzle Assembly

The flight unit has a 20° conical nozzle with throat
diameter of 0.03 inches and an aspect ratio of 4.1. The
catalyst chamber has an inner diameter of 0.25 inches
and a length of 0.207 inches. This design was informed
by a study completed by Davani and Ronney near the
operating conditions of HyPer [19]. In the study they
used ANSYS FLUENT coupled with a design of
experiment (DOE) methodology to determine optimal
design conditions for low-thrust, low Reynolds number
propulsion systems.

The nozzle assembly consists of seven parts excluding
screws and o-rings: (1) nozzle/catalyst chamber, (2)
chamber cap, (3) ceramic tube, (4) macor disk, (5) two
flanges (6) cage, and (7) cage cap. An image of the
assembly is shown in Figure 6 and a cross section is
shown in Figure 7.

Temperature is taken at two locations on the nozzle
assembly. The first is on the chamber cap and provides
the closest approximation to chamber gas temperature.
The second is located on the cage cap. Both are SSsheathed type K thermocouples (range -200 °C to 1250
°C, error greater of 2.2 °C or 0.5%).
Catalyst and Hydrogen Peroxide Solution
HyPer utilizes a compressed silver mesh catalyst within
its reaction chamber to fully decompose the hydrogen
peroxide vapor following Equation 1. The silver mesh
was purchased from Fuel Cell Materials and has a
nominal aperture of 0.4 mm and a wire diameter of 0.11
mm; seven sheets are used to fill the chamber. The length
of the catalyst bed was informed by studies on previous
iterations [17]. Prior to loading, the catalyst was baked
at 500 °C for >30 minutes.

Figure 6: Nozzle Assembly

The H2O2 solution used in the reported experiments was
procured from PeroxyChem at 94% H2O2 by mass. The
propellant loaded on the launch site will also be procured
from that supplier at a similar concentration.
OPERATING CONDITIONS

Figure 7: Nozzle Assembly Cutaway

HyPer is operated at propellant temperatures from 60°C
to 80°C. Due to the all-aluminum body, the external
heater patch is sufficient to maintain propellant
temperature control. An approximate relation of
temperature and H2O2 vapor pressure is provided by
Scatchard et al. [20]:

Due to the extremely low vapor flow rate (milligrams per
second) the heat generated in the catalyst even with a full
decomposition is low. Therefore, it is important to
minimize any conductive or radiative heat transfer to
maintain maximum gas temperatures.
Ceramic has a thermal conductivity of 18 W/m°K, so it
was used in the flow tube connecting the manifold to the
catalyst chamber.

4025.3
𝑇
− 12.996 log10 (𝑇)
+ 0.0046055𝑇

log10 (𝑃) = 44.5760 −

The cage and cage cap were used to press fit the
nozzle/catalyst chamber, chamber cap, and ceramic tube
to the face of the manifold. While high temperature
epoxy and o-rings were also used to maintain component
position, they were not guaranteed to hold up for the
entire mission life. Ceramic was also placed between the
cage cap and the nozzle to minimize conductive transfer
at that interface.
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Increasing the propellant temperatures leads to increases
in: (1) vapor pressure, (2) mass flow rate, and (3)
decomposition heat generation. Therefore, higher
propellant temperatures are correlated with higher thrust
and higher catalyst chamber temperatures – leading to
higher Isp values. Theoretical values for thrust and Isp
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with varying propellant temperatures can be found in
Ref. 13.

Overview
The Attitude Control Board (ACB) is the command hub
of the flight software. It uploads, stores, and executes all
mission plans, controls commanding to the HyPer
Propulsion Unit (Prop), and writes and stores State of
Health (SOH) telemetry from the Prop and diagnostic
telemetry from the ACB. The ACB also controls
commanding to the Prop unit through a discrete event
table. Common commands sent from the ACB to the
Prop include SOH information requests, valve actuation
commands, and “bang-bang” heater control activation
for the propellent tank. During all HyPer experiments,
the ACB runs in an open-loop configuration and does not
perform any attitude commanding.

Changing the propellant temperature can vary the thrust
generated substantially. This can be seen in the thrust
measurement campaign from a previous design iteration
in Ref. 18. It is also reflected in the tank pressures
measured during the hot-fire test campaign on the flight
unit in a later section. This control allows the satellite
operator the option of thrust level depending on the
maneuver requirement.
Maneuvers can also be controlled by varying the pulse
length. Testing was performed from 1 second to 10
minutes with minimal effects on performance [18].
SOFTWARE ARCHITECTURE

The ACB stores test data and information to the flash
chip on the same hardware board. This information is
used to execute a previously defined test plan during a
mission. At the initiation of a test plan the ACB uses a
discrete event driven table to send commands to the Prop
at specified times and is expected to execute within a
specified time frame. These are defined in the tables and
sub tables uploaded to flash memory on the ACB from
the ground software. Test plan progress is tracked in
regular intervals and is recorded as the State of Health
(SOH). This SOH request is made by the ACB in a
message sent to the propulsion unit which responds with
a pre-determined number of bytes that are collected and
stored as SOH telemetry by the ACB. This format of
sending a
Universal Asynchronous Receiver/
Transmitter (UART) command to the Prop from the
ACB and waiting to receive a reply is the behavior for
all communication between the ACB and Prop unit.

SmallSat avionics and software architectures differ from
traditional flight hardware in that the design goal
typically represents the minimum viable product. This
class of hardware has many subsystems that are
permitted to fail without redundancy so long as no harm
is done to the satellite. This approach simplifies and
therefore accelerates the hardware design of the control
avionics.
The embedded control systems utilized by HyPer rely
heavily on heritage boards including the Propulsion
(Prop) and Attitude Control Board (ACB). The
components selected including valves, heaters,
temperature and pressure sensors were required to meet
power and communication requirements in addition to
those defined by requirements discussed in other
sections. Once a working prototype build was
completed, a series of benchtop tests followed by
environmental tests were performed to determine the
limits of the control and software hardware. As this is a
prototype system, operational design parameters like
precision timing, maximum burn duration and frequency
are unknown and need to be distilled through flight-like
ground testing rather than goals set by the program to
achieve maneuverability requirements specified by the
mission design at the start of a satellite build effort.

Attitude Control System
The main logic of the ACB is performed on the Attitude
Control System (ACS) PIC microcontroller. It controls
all the communications to the Prop PIC, actuation of
valves, readout from sensors, and storage of telemetry.
The ACS is comprised of three major components: (1) a
discrete event algorithm, (2) a mode transitioning
algorithm and (3) a Prop state of health algorithm. A
flowchart of a typical ACS cycle for HyPer operations
can be seen in Figure 8.

To achieve maximum reliable performance from a
system constrained in this manner the test engineer must
conceive of a range of ever more stressing tests to
determine which component or components set the upper
limit on the performance parameters of interest. In this
case, performance of the system, defined by the
frequency of repeatable thruster firings, was ultimately
limited by the on-board processing speed of the PIC
microcontroller.
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Figure 9: Communications Diagram Between the
ACB and Prop PIC
The commands are transmitted as a series of bytes using
the hardware UART protocol on each device. As shown
in Figure 10, each command contains the number of total
bytes in the command message, the command operation
code, and arguments required by the command.

Figure 8:ACS PIC Algorithmic Flow per ACS Cycle
The discrete event algorithm is where commands
originate within the flight software. It loads the event
tables and sub-tables (stored in the ACBs flash chip) extracting timing and command validity window
information from the event table and command
arguments from the Prop sub-table. The following
commands originate from the discrete event algorithm:
1.

2.

3.

4.

5.

Heater warm-up
a. Sets the temperature setpoint for
heater control and the sensor to
monitor the heater temperature
Heater idling
a. Idles the heater and initiates the end of
the test plan
Temperature monitors
a. Checks whether the heater has reached
the temperature setpoint
Valve actuation
a. Opens the inner and outer valves and
sets timers to close the valves
SOH query and telemetry rates
a. Sets rates as defined by the mission
plan

Figure 10: ACS PIC Command Format as Sent to
the Prop PIC
Upon receipt of the command message, the Prop PIC
acknowledges all commands by sending back the
requested data associated with each command.
Propulsion PIC Communications
The Prop PIC collects information from temperature,
pressure, and current sensors and commands actuators
that control the tank temperature and valve opening and
closing. The communications format utilized, and
direction of data flow of the sensors and actuators is
described in Figure 11. The sensors that measure tank
and Prop PIC temperatures output a signal that is
collected on the I2C ports of the Prop PIC. An SPI
interface is used for the remaining nozzle cap and cage
cap thermocouples. The 0-5 psi and 0-100 psi pressure
sensors output analogue voltages that are converted to
digital signals on the ADC port of the Prop PIC. The
signals read by the Prop PIC are converted to floating
point values for use during control cycles or for storage
in telemetry. The valve actuators are controlled through
the General Purpose Input Output, or GPIO, pins on the
Prop PIC. The temperature of the tank is regulated by
powering on or off the pulse width modulated (PWM)
signal connected to the heaters that surround the outer
surface of the propellant tank.

The discrete event algorithm also preemptively skips any
future Prop commands to prevent overloading the Prop
PIC with back-to-back commands within a single ACS
cycle. The mode transitioning logic manages the attitude
control configuration. Despite its name, the ACS does
not perform attitude control for the HyPer payload and,
thus, all HyPer experiments are performed with the ACS
in an open-loop configuration. The Prop SOH algorithm
queries the Prop to provide SOH information and the
ACB to store the information at the pre-defined rate in
the mission plan.
ACB and Propulsion PIC Communications
The ACS PIC initiates all commands and data transfers
between the ACB and Prop PCB as shown in Figure 9.
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remain open until commanded to close. Valve closure is
triggered by a timer set by the operator and defined in the
propulsion sub-table.
ANALYSIS
Thermal Analysis
Thermal analysis on HyPer’s flight design was
performed in Thermal Desktop. The following was
assumed to simplify the model: (1) the satellite bus panel
was represented by a temperature boundary, (2) the
Delrin® standoff was conductively attached to the bus’
temperature boundary, and (3) internal geometries and
surfaces were set to exchange radiation with the
environment at the bus boundary. Figure 12 shows the
final model that was analyzed.

Figure 11: Communications Format for Sensors and
Actuators
The control loop that modulates the tank and thus
propellant temperature uses data collected from a
temperature sensor affixed to the propellant tank, labeled
TMP2 in Figure 11.
ACB and Propulsion PIC Functions
This section outlines the primary functions originating
from the ACB and send to the Prop PIC. As described in
Figure 8, UART protocol is used for communications
between the ACB and Prop PIC. The propulsion PCB is
a separate circuit board that controls the propulsion
system. This circuit board contains interfaces to
temperature, pressure, and current sensors as well as the
heater and valve actuators. The main logic of the Prop
PCB is performed on the Prop PIC microcontroller. This
microcontroller controls all of the communications to the
ACB, heater and valve actuation, and readouts from the
sensors.

Figure 12: HyPer Modeled in Thermal Desktop
The results of the analysis are revealed in Table 6 and
Table 6, and show that the propellant vapor flow valves,
pressure sensors, electronics board, and pressure relief
valves had a positive temperature margin, with some
components showing less than a 11°C margin for the
nominal cold case. The lowest margin was found to be
on the pressure sensors and came in at 5°C. Table 7Table
7 shows the heat loss through the Delrin® standoff, the
temperature delta across the standoff, and the heater
power required to maintain 80 °C, for both the cold and
hot boundary cases. To visualize the temperature range
in Celsius, Figure 13 shows the hot boundary case on the
flight model with the respective temperature scale and
color-coded results. The results show that the standoff
and PCB spacers efficiently thermally isolated HyPer
from the bus panel and the electronics board,
respectively.

Heater Operation
The ground software provides a mission plan which
contains a temperature setpoint which is provided to the
Prop PIC at the beginning of a test. The difference
between the measured value and this setpoint is the error
the control loop is trying to minimize. At the start of a
test the heater power is switched on and the temperature
is measured and compared to the setpoint. Once the error
reaches a predetermined value the power to the heater is
switched off. Should the temperature drop, the observed
error will increase, and the heater power will be switched
on. During a typical test a number of variables associated
with performance are collected and stored in telemetry
for later use.
Valve Operation
Once the heater has reached its setpoint the ACB is
alerted to send a sequence of valve actuation commands
in an order prescribed by the operator. One valve is
opened followed by the second 10 seconds later. This
minimizes power consumption of the system in order to
prevent potential brownouts. Once opened, the valves
Rhodes
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Table 5: Raw Temperature Results for Hot
Boundary Case

Control
Valves
Pressure
Sensors
PCB
Relief
Valves

Hot Boundary Case (°C)
Cold
Case
Case
Hot
Margin
Min
Max
Margin
119.7
79.7
79.8
20.2
100.0

80.0

80.0

5.0

64.6
103.0

40.6
80.0

40.9
80.0

44.1
110.0

Table 6: Raw Temperature Results for Cold
Boundary Case

Control
Valves
Pressure
Sensors
PCB
Relief
Valves

Figure 13: Thermal Results for Hot Boundary Case
The next analysis aimed at showing how long it would
take the thruster to heat up, complete part of its thrust
campaign and cool down for both the hot and cold cases.
Table 8 summarizes the hot and cold heater power cases
for low and high power, Figure 14 and Figure 15 show
the results for the low heater power, hot and cold cases.

Cold Boundary Case (°C)
Cold
Case
Case
Hot
Margin
Min
Max
Margin
119.5
79.5
79.6
20.4
99.9

79.9

79.9

5.1

24.6
102.9

0.6
79.9

1.1
79.9

83.9
110.1

Table 8: Heat Up and Cool Down Times for Various
Cases

Table 7: Thermal Data for Cold and Hot Boundary
Cases

Heat Loss Through
Delrin Mount to
Spacecraft
ΔT Across Delrin Mount
Heater Power to
Maintain 80°C

Cold
Boundary
Case
0.16 W

Hot
Boundary
Case
0.09 W

98.58 °C
2.57 W

50.05 °C
0.35 W

Time for H2O2
to Reach 80°C
H2O2 Cool
Down Time

Hot
Low
Heater
Power
Case
47 min

Hot
High
Heater
Power
Case
28 min

15 hours

Cold
Cold
Low
High
Heater Heater
Power
Power
Case
Case
109
60 min
min
41 hours

Figure 14: Low Heater Power for Hot Case
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Figure 15: Low Heater Power for Cold Case
Based on these results, it was predicted that it will take
between 28 minutes (hot case) and 108.5 minutes (cold
case) to heat up the thruster on-orbit, while it would take
about 15 to 41.4 hours for the thruster to completely cool.
Closer to integration, the flight mount material was
updated to G-10 to provide better structural performance
during vibrational testing, while not compromising the
thermal benefits. A quick re-analysis was conducted to
ensure there were no large impacts to the work presented
above.

Figure 16: Internal Pressure and Stress Analysis
Results

Structural Analysis
The following structural analyses were performed on the
final HyPer design: (1) stress analysis to confirm design
adequacy to operating design pressure of 75 psi, (2)
modal analysis to confirm that the first structural mode
would be greater than 50 Hz, and (3) random response
analysis to confirm the design adequacy against NASA
GEVS [21].
The stress analysis was performed using the internal
passageways of HyPer’s tank and manifold, shown in
Figure 16. The analysis showed that the internal stress
would be less than 2000 psi, peak stresses would occur
adjacent to internal surfaces, and proves that there is a
large positive margin when pressurizing the unit to 75
psi. HyPer’s modal and GEVS 14.1 Grms analysis was
completed next, with Figure 17 showing the results of
the analysis for all six modes and Figure 18 showing how
the thruster handled the NASA GEVS 14.1 Grms random
response.

Figure 17: Modal Analysis Results
Rhodes
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of safety of 9. The leak point was at the tank lid o-ring,
shown in Figure 19.

Figure 18: NASA GEVS 14.1 Grms Random
Response Results

Figure 19: Image Showing Leak Caused by ORing/Tank Screw Failure

HyPer’s flight design showed a large positive margin for
the GEVS 14.1 Grms qualification environment and met
the random vibration strength requirements. The Zdirection was the primary focus of the random response
since it was deemed to be a critical excitation direction
for the thruster. Furthermore, the Delrin® mount showed
regions of critical stress, and the 3-sigma stress level was
about 4150 psi. For the flight unit, the Delrin mount was
replaced with a higher strength G-10. Thus, this analysis
shows that the final design would meet the pressure,
modal, and random response requirements.

Leak Checks
For the final design, with double o-ring seals, leak testing
of each seal was performed using nitrogen. Using the
VRVs as an example: the bottom o-ring was added to the
VRV and the second o-ring was left out. The system was
then pressurized to 75 psi and internal pressure was
monitored for 5 minutes for any evidence of leakage.
Once the first seal was verified, the VRV was taken out,
the bottom o-ring was removed, and the second o-ring
was added. The unit was tested again as before, and once
it passed the VRV was taken out, both o-rings were
added, and then the process was completed on another
double-sealed component. All o-rings seals were verified
leak-free on the flight design.

GROUND TEST CAMPAIGN
Hydrostatic
Hydrostatic testing was performed on the previous, zerofault-tolerant (single o-ring) HyPer design. An Ametek
T-620 Hydraulic 3000 PSIG Pressure Calibration Pump
was obtained, a test gauge was added, and the pump’s
tank was filled with red-dyed DI water for ease of
viewing leaks. Using external fittings, the pump was
attached to the fill port on the tank; all valves were
closed. Manually pumping the lever, the first test was
pressurized until 700 psi and stopped before leaking
occurred. This proved that the design could hold 9.3x its
maximum expected operating pressure (MEOP). The
MEOP is set by the crack pressure of the pressure relief
valves: 75 psi. Next, the system was tested to prove that
it would leak before burst and was slowly pressurized by
hand again. This test went to 750 psi until there was a
leak, showing that failure was at 7.5x MEOP, a margin
Rhodes

Long Term Pressure Rise
Past pressurized tests investigated material compatibility
of internal components, anodization layers, and a Teflon
coating, over long periods of time at high temperatures.
Once the team was satisfied that the H2O2 was
compatible with the materials inside the flight design
thruster, new tests were performed with the goal of
understanding pressure rise and H2O2 concentration
degradation for long storage intervals. These long-term
pressure-rise tests (LTPRT’s) became important due to
the likelihood of HyPer having to sit, while loaded with
propellant, without telemetry for extended periods of
time before launch. Understanding what the test
temperatures and pressures would look like after this
scenario would allow the team to analyze the data
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properly and help them in diagnosing any data
discrepancies while on-orbit.
A 41-day LTPRT was performed initially, starting with
a concentration of 93.9% by mass H2O2 and a fill volume
of 20 mL. Tank pressure for the first 200 hours is shown
in Figure 20. The temperature was not actively
controlled and fluctuated based on the room temperature,
see Figure 21. The plunge to 13 °C can be associated
with a liquid nitrogen test was that performed nearby on
that day. Upon concluding the experiment, a 1.6 mL
sample of H2O2 was taken to test concentration. This
sample came out at 85.8% by mass H2O2, a decrease of
approximately 0.2% per day. The thruster was sealed
back up and was left to run a second LTPRT at 40°C; the
temperature was controlled via the tank-mounted heater
and four averaged thermocouples mounted on the
thruster body. Average pressure rise prior to reaching the
cracking pressure of the VRVs was approximately 23.8
torr/hr and 124.6 torr/hr for the ambient and 40 °C
LTPRT, respectively.

Figure 21: Tank Temperatures during Ambient
LPTRT
Performance
Hot fire tests were performed on the qualification, flight,
and flight spare units. Pressures, temperatures, and run
times were recorded for hots fires performed at 60 °C, 70
60 °C, and 80 60 °C. Test data for the nozzle cap and 05 psi pressure sensor are provided in

While undesirable from a performance perspective, loss
of H2O2 concentration does not inhibit the demonstration
of vacuum evaporated propulsion. It will lead to higher
vapor pressures, higher thrust values, lower catalyst
temperatures, lower specific impulses, and decreased
total fire time.

Figure 20: Tank Pressure during Ambient and 40
°C LPTRT
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Table 9, with “F” referring to the flight unit and “S”
referring to the spare. Figure 22 and Figure 23 show the
nozzle cap temperature and 0-5 psi pressure sensor
readings over the course of the run. Using the propellant
loaded and the pressure traces, run times for each test
were calculated and used to determine mass flow rate.
Figure 24 shows the mass flow rates for the flight unit,
which follow a linear trend (𝑦 = 𝑎𝑥) with pressure. The
slope, 𝑎, was calculated to be 3.86e-5 kg/s/Torr with a
coefficient of determination (R2) of 0.997. For the flight
spare, 𝑎 = 3.965e-5 and R2 = 0.999.

Table 9.

After the hot fire test series, the flight unit catalyst was
contaminated during an epoxy bake-out and started to
exhibit poor performance. The nozzle assembly of the
flight spare was removed and placed on the flight unit. A
quick verification of performance showed nozzle
temperatures vastly improved after the switch,
mimicking the valves for the spare in
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Table 9: Flight and Flight Spare Unit Hot-Fire Test
Data
Unit &
Run #

Prop.
Temp.
(°C)

Prop.
Loaded
(mL)

F1
F2
F3
F4
F5
F6
S1
S2
S3
S4
S5
S6

60
60
70
70
80
80
60
60
70
70
80
80

0.8
0.8
0.8
0.8
0.8
1.5
0.8
0.8
0.8
0.8
0.8
1.5

Max
Nozzle
Temp.
(°C)
331
335
438
431
509
503
324
317
439
442
541
540

Avg.
Tank
Press.
(Torr)
18
18
32
31
51
51
17
17
30
30
50
51

Figure 24: Flight Unit Mass Flow Rate
ENVIRONMENTAL EVALUATION
Hydrogen Peroxide Safety
HyPer was subjected to environmental testing fully
loaded with propellant to determine if there were any
safety issues with the H2O2 during thermal cycling or
vibration, shown in Figure 25. During a GEVS vibration
test of the fully-loaded HyPer qualification unit, the
pressure sensors were monitored and showed no increase
in pressure due to the agitation. The qualification unit
was also thermal cycled from -20 °C to 60 °C with 1 hour
holds for approximately 20 cycles. In this test, the
internal pressure rose and dropped with temperature, as
expected.

Figure 22: Flight Unit Nozzle Cap Temperatures

Figure 23: Flight Unit Tank Pressures (0-5 psi
sensor)
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Figure 26: HyPer Thermal Isolation Test

Figure 25: Hyper with propellant on vibration table
(top) and in thermal cycle chamber (bottom)

Thermal Model Validation
The HyPer engineering model was tested in a TVAC
chamber (Figure 27: Hyper in TVAC to Validate
Thermal Model) to verify the tank heater performance
and to validate the thermal model. Specific items of
interest were: (1) the temperature of the printed circuit
board mounted on isolation standoffs and (2) the heat
loss from the tank to the surrogate satellite wall, which
in this case is an L-bracket to the chamber floor. The
results are graphed in Figure 26. In this test, the time to
heat the tank was 35 minutes from ambient. The linear
progression to the cutoff at 80 °C confirms that the heat
leaks from radiation and thermal conduction through the
standoff with the satellite wall are much less than the 16
W of heating applied. The circuit board, PCB, was
sufficiently isolated such that it did not approach its
operating limit of 71 °C.

Rhodes

Figure 27: Hyper in TVAC to Validate Thermal
Model
Vibration
HyPer’s qualification and flight unit were tested for
response and survivability in a vibration environment.
The qualification unit sustained GEVS 14.1 Grms profile
for 1 minute per axis. The primary concern was for the
fasteners between the thermal isolation standoff (the
“pedestal”) and the thruster body due to the lower
strength of the aluminum 1100 material. The
qualification unit passed the GEVS profile, however
later failed the specific Slingshot profile. While the
Slingshot profile had an overall lower Grms than GEVS,
it had a higher input level near HyPer’s resonance
frequency. Figure 28: Slingshot and NASA GEVS
Profiles compares the two profiles. The solution
required a change in the pedestal material to G-10 and an
increase in screw size of the fasteners from the pedestal
into the thruster body.

18

[35th] Annual
Small Satellite Conference

Functional Test
The sequence of events followed:
•
•
•
•
•
•
•
•
•
Figure 28: Slingshot and NASA GEVS Profiles

•
•
•
•
•

Panel Level Testing
After integration with the Slingshot bus, HyPer was
vibration tested on the plate level assembly with the rest
of the payloads. BCT performed a random vibrational
analysis to create a spectrum for each panel and
orientation, which was then applied to the plate interface
for testing at one minute per axis. Next, thermal vacuum
was performed on the integrated plate. Bakeout was
completed at 50 °C for 6 hours followed by four thermal
cycles (4 hour holds at 40 °C and –20 °C, hot and cold
respectively).

Turn on payload
Start recording telemetry
Check temp, pressure for valid readings
Open Valve 2, verify it opens, wait 10 seconds
Open Valve 1, wait 2 second
Close Valve 2, wait 10 seconds
Close Valve 1
Set temperature set point for tank/heater to 30
°C
Wait until tank/heater temp sensor reaches set
point
Open Valve 2, wait 10 seconds
Open Valve 1, wait 2 second
Close Valve 2, wait 10 seconds
Close Valve 1
Stop recording

SOFTWARE CHECKOUT
A series of tests (Figure 29 to Figure 31) were created to
demonstrate successful control and data collection in a
variety of circumstances (e.g. pre-delivery of the
payload, pre- and post- vibration testing, during hot/cold
holds in thermal vacuum testing, etc.). The functional
test replicates a typical, however condensed, mission
profile. The liveness tests were intended to be the
shortest and most succinct demonstration of all the
electrical elements. A final additional test was created to
push the system in the time domain and flush out any
concerns with a pulse-type of mission. After full
software checkout, a final hot fire was completed using
the flight software and electrical hardware.

Figure 29: Functional Test Heater Behavior

A heater mode of 0 indicates that heater control has been
initiated. The duty cycle of 1 is when power is being
supplied to the heater. The valve status reports 0 when
both valves are closed, 1 when valve 1 is open, 2 when
valve 2 is open, and 3 when both valves are open.
Pressure sensors are reported out in volts, 0.5 V
corresponding to zero pressure differential and 5 V as the
sensor’s maximum measurable pressure (5 psig for the
0-5 psi sensor shown).
Figure 30: Functional Test Valve Status and Tank
Pressure
Rhodes
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Figure 31: Functional Test Thruster Temperatures

Figure 32: Pulse Test Valve Status and Tank
Pressure

Liveness Test

Hot Fire with Flight Electronics and Software
The liveness test for ambient conditions is similar to the
functional test, however the valves are opened without
waiting for the control sensor to reach the set point. This
was done to expedite the test for quick check-outs when
needed.

Four burn lengths were performed during this hot fire
campaign: (1) one 5 minute burn, (2) one 1 minute burn,
(3) ten 3 second burns, and (4) ten 1 second burns. Items
3 and 4 correspond to the same profile as the pulse test.
Figure 33 shows the burn profiles and the corresponding
nozzle temperatures. Due to the location of the
thermocouple on the outside of the nozzle, longer burns
allow for the system to reach equilibrium and provide
closer approximations for interior gas temperatures. The
nozzle achieved a higher temperature in this test
campaign compared to previous ones due to a lower
backpressure in this vacuum chamber. The sawtooth
action is hypothesized to be attributed to the specific
vacuum pump used in this test. Tank pressures, heater
behavior, and thruster body temperatures are provided in
Figure 34, Figure 35, and Figure 36, respectively. The
electronics board, or PCB, remains below 60 °C for the
duration of the test due to thermal spacers.

The liveness test for vacuum conditions simplifies the
actions more by eliminating the valve actuations. The
propellant tank is filled with nitrogen prior to fueling. If
the functional or original liveness test was performed in
vacuum the pre-load of nitrogen would be lost.
Pulse Test
In order to test software timing, a simple pulse test was
performed prior to delivery and prior to running a hot fire
with the flight software.
In the test the first burst of 10 pulses were 3 seconds each
with 3 seconds between pulses. The second burst was 10
pulses, 1 second each, 3 seconds apart. The signatures
can be seen in Figure 32.

Figure 33: Hot Fire Valve Status and Nozzle
Temperature
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CONCLUSIONS
HyPer has undergone various design changes in order to
ensure its safety leading up to, and during launch on
board Slingshot. The design of the thruster utilizes
redundant o-ring seals at every interface, 5 psi and 100
psi pressure sensors, two solenoid valves in series, and
incorporates vent relief valves in parallel to prevent any
possibility of overpressurization.
The unique Teflon™ PMD spans from the top of the tank
(inlet into VRV pathways) to the bottom of the tank (inlet
into manifold). The small 0.01 inch diameter holes allow
only vapor or gas to enter into either pathway, ensuring
that liquid would not become stuck in the manifold and
forced out of the nozzle when the valves were opened.
Figure 34: Hot Fire Valve Status and Tank Pressure

Material compatibility has been tested for each
component, along with the aluminum 1100 tank and
manifold assemblies, to ensure maximum H2O2
compatibility and minimal decomposition.
Thermal and structural analyses on the flight unit
verified HyPer’s ability to withstand the temperatures
and vibrational profiles it would see on launch and onorbit. The G-10 standoff, thermally isolates HyPer from
the bus panel, and the Delrin® PCB spacers, effectively
isolate the electronics board from the heated tank.
HyPer has undergone various tests prior to integration
including hydrostatic, leak, long term pressure rise, and
performance. These tests increased confidence in the
design and helped characterize HyPer’s expected
performance on-orbit. Structural and thermal modeling
helped further understand the system and predict
behavior.

Figure 35: Hot Fire Heater Behavior

Environmental testing requirements for thermal cycle
and vibration were set by the bus provider, Blue Canyon
Technologies. HyPer was tested both alone, and once
integrated on the panel; passing both sets of tests.
After launch in early 2022, HyPer will begin its on-orbit
campaign by testing out small pulses at propellant
temperatures of 60°C, 70°C, and 80°C. After these initial
check-out tests, various burn plans will be uploaded for
HyPer to perform to fully characterize the thruster’s
capabilities. Position and velocity data taken from the
12U bus will be downlinked along with the thruster
sensor data. Analysis of this data will allow for
determination of thrust, specific impulse, and delta-V.
Figure 36: Hot Fire Body Temperatures
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